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This  paper  reviews  work  carried  out  with  the  fully  instrumented  Edge-on 
Impact  (EOI)  facility  at  the  Ernst-Mach-Institute  (EMI),  using  a  Cranz- 
Schardin  high  speed  camera,  modified  for  dynamic  photoelasticity,  to 
quantify  stress  wave  propagation,  damage  nucleation  and  propagation  during 
high  velocity  impacts.  The  experimental  technique  has  been  used  to  examine 
monolithic  single  crystal  sapphire  plates  (100  mm  x  100  mm  x  10  mm)  in 
crystallographically  controlled  directions  impacted  at  about  400  m/s  with  both 
steel  solid  cylinders  and  spheres.  The  plates  were  impacted  as  follows: 
100  mm  x  100  mm  large  surface  r-plane  parallel  to  the  a-axis;  large  surface  a- 
plane  parallel  and  perpendicular  to  the  c-axis;  large  surface  c-plane  parallel  to 
a-axis;  and  impacting  perpendicular  to  r-plane  small  surface.  In  certain 
orientations  damage  propagation  is  clearly  by  macro-cleavage  with  significant 
cleavage  branching.  The  velocities  of  damage  and  cleavage  propagation  are 
presented. 


INTRODUCTION 

It  has  been  demonstrated  that  significant  weight  reductions  can  be  achieved 
compared  to  conventional  glass-based  armor  when  a  transparent  ceramic  is  used  as 
strike  face  on  a  glass-polymer  laminate  [1,  2,  3].  Sapphire,  i.e.  single  crystal 
aluminum  oxide,  is  one  of  the  candidate  materials  for  use  as  a  hard  front  layer  in 
transparent  armor  [4,  5].  Due  to  the  high  number  of  influencing  parameters,  a 
detailed  understanding  of  the  dominant  mechanisms  during  projectile  penetration  is 
required  in  order  to  improve  the  performance  of  multi-layer,  ceramic  faced 
transparent  armor.  On  one  hand,  a  high  ballistic  resistance  is  related  to  projectile 
deformation  and  erosion.  On  the  other  hand,  the  resistance  to  penetration,  and 
therefore  the  ability  to  deform  and  erode  the  projectile,  depends  on  the  damage  and 
failure  mechanisms  in  the  target  materials.  Since  part  of  transparent  armor  consists 


of  brittle  materials,  the  fragmentation  of  the  ceramic  and  glass  layers  plays  a  key 
role  in  the  resistance  to  penetration  [6,  7]. 

A  series  of  studies  has  been  conducted  in  the  last  years  in  order  to  visualize 
damage  initiation  and  propagation  in  transparent  armor  materials  like  Starphire® 
soda-lime  and  borosilicate  glass  [8],  fused  silica  [9]  and  the  transparent 
poly  crystalline  ceramic  AlON  [10]. 


EXPERIMENTAL 


An  Edge-on  Impact  (EOI)  test  method  coupled  with  a  high  speed  Cranz- 
Schardin  camera,  with  frame  rates  up  to  107  fps,  has  been  developed  at  the 
Fraunhofer-Institute  for  High-Speed  Dynamics,  EMI,  to  visualize  damage 
propagation  and  dynamic  fracture  in  structural  ceramics.  Two  different  optical 
configurations  were  employed.  A  regular  transmitted  light  shadowgraph  set-up  was 
used  to  observe  wave  and  damage  propagation  and  a  modified  configuration,  where 
the  specimens  were  placed  between  crossed  polarizers  and  the  photo-elastic  effect 
was  utilized  to  visualize  the  stress  waves.  Impact  tests  at  approximately  equivalent 
velocities  were  carried  out  in  transmitted  plane  (shadowgraphs)  and  crossed 
polarized  light.  Figure  1  shows  a  schematic  of  the  Edge-on  Impact  test  with  the 
added  crossed  polarizers;  Figure  2  illustrates  an  exploded  view  of  the 
impactor/sample  interaction.  Both  steel  solid  cylinder  (mass  127  g,  diameter 
30  mm)  and  spherical  impactors  (mass  39.1  g,  diameter  15.9  mm)  have  been  used  at 
a  velocity  of  ~  400  m/s  on  100  mm  x  100  mm  x  10  mm  plates. 


Multiple  spaiks 
unit 


Fig.  1:  EOI  Test  Set-up  with  Cranz-Schardin  camera 


Fig.  2:  Close-up  view  of  test  sample  set¬ 
up  for  shadowgraphs 


EOI  IMPACT  TEST  RESULTS 

Eight  edge-on  impact  tests  were  performed  in  a  shadowgraph  optical 
arrangement.  Five  different  orientations  of  the  specimens’  crystal  axis  and  surfaces 
with  respect  to  impact  direction  were  considered.  The  test  matrix  is  presented  in 
Table  I.  The  orientation  of  the  different  crystal  planes  and  axis  is  illustrated  in 
Figure  3. 


TABLE  I.  EOI  TEST  MATRIX 


Config.  # 

Impact  Direction 

Large  Surface 

Projectile 

EMI  Test  # 

1) 

a-axis  (parallel) 

c-plane 

sphere 

17074 

cylinder 

17071 

2) 

a-axis  (parallel) 

r-plane 

sphere 

17075 

cylinder 

17069 

3) 

c-axis  (parallel) 

a-plane 

sphere 

17076 

cylinder 

17070 

4) 

c-axis  (perpendicular) 

a-plane 

sphere 

17077 

5) 

Edge  surface 
r-plane 

sphere 

17359 

Figure  3  Sapphire  (a-A1203)  crystal  mineralogical  nomenclature  and  Miller-index  notation 

from  Schmid  and  Harris  [11] 


Results  Comparing  Spherical  with  Cylindrical  Impactors  in  Configuration  1) 

1.  SPHERE  IMPACT 


A  selection  of  eight  high-speed  photographs  from  the  impact  of  a  steel  sphere 
on  the  edge  of  a  sapphire  specimen  at  453  m/s,  parallel  to  the  a-axis  (large  surface 
(OOOl)-plane),  is  presented  in  Figure  4. 


Figure  4.  a)  Selection  of  8  high-speed  shadowgraphs  from  impact  with  steel  sphere,  test  #  17074 


b)  Plane  light  photograph  of  specimen  before  impact,  illustrating  the  impact  configuration  (top) 
and  conoscopic  (viewed  in  crossed  polars)  interference  figure  photograph  -  note  that  the  optical 
figure  is  not  quite  centered,  meaning  that  the  c-axis  is  not  quite  perpendicular  to  the  a-axis  plane. 

The  first  cracks,  possibly  along  prismatic  cleavage  planes,  appeared 
immediately  after  impact,  cutting  a  cone  with  an  angle  of  about  120°  into  the 
specimen  (fractures  A,  B).  After  2.7  ps  a  third  main  fracture  was  visible, 
propagating  straight  in  the  impact  direction  (C).  About  eight  microseconds  later 
cracks  branched  off  the  cone  cracks  at  an  angle  of  about  60°,  growing  in  the  impact 
direction.  From  the  central  fracture  C  cracks  also  branched  off  at  an  angle  of  about 
-55°. 

The  path-time  histories  of  the  different  fractures  are  shown  in  Figure  5.  The 
fact,  that  the  straight  lines  of  the  different  fractures  in  Figure  5  are  nearly  parallel, 
demonstrates  that  all  fractures  propagated  nearly  at  the  same  speed.  The  measured 
average  velocities  varied  between  4590  m/s  and  4934  m/s.  For  the  sake  of  clarity  in 
the  presentation,  arbitrary  offsets  were  added  to  the  coordinates  of  different 
fractures. 
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Figure  5.  a)  Nomenclature  of  fracture 
b)  Path-time  history  of  fracture  propagation,  test  no.  17074 

2.  CYLINDER  IMPACT 

In  contrast  to  the  impact  of  a  steel  sphere,  where  crack  propagation  occurred 
along  certain  crystal  directions,  the  fracture  pattern  due  to  impact  of  a  steel  cylinder 
exhibited  many  similarities  to  the  fracture  patterns  observed  with  the  polycrystalline 
transparent  ceramic  AlON.  This  is  illustrated  by  a  selection  of  8  high-speed 
photographs  in  Figure  6.  The  photograph  at  1.2  ps  after  impact  shows  that  crack 
formation  starts  along  the  edge  of  the  projectile,  where  shear  stresses  are  dominant. 
Only  3  ps  later,  a  dense  field  of  cracks  has  evolved  in  the  zone  ahead  of  the 
projectile,  which  develops  a  nearly  semi-circular  shape  in  the  following.  Due  to  the 
shear  wave  travelling  along  the  impacted  edge,  a  series  of  cracks  were  initiated 
consecutively  above  and  below  the  projectile,  forming  the  triangular  shaped  so- 
called  secondary  fracture  zones.  Nucleation  and  growth  of  crack  centers  appeared 


throughout  the  period  of  observation  so  that  the  central  fracture  front  propagated 
constantly  at  a  high  velocity. 


Figure  6.  Selection  of  8  high-speed  shadowgraphs  from  impact  with  steel  cylinder,  test  #  17071 


The  path-time  histories  of  crack  and  wave  propagation  from  test  no.  17071  are 
plotted  in  Figure  7.  A  velocity  of  11451  m/s  was  determined  for  the  longitudinal 
wave  from  the  shadowgraphs.  The  fracture  front  ahead  of  the  projectile  propagated 
at  an  average  velocity  of  8434  m/s  and  did  not  slow  down  during  the  period  of 
observation.  Cracks  A  and  C  grew  at  average  speeds  between  5200  m/s  and 
5700  m/s,  whereas  fracture  B  in  the  center  propagated  at  about  the  same  speed  as 
the  fracture  front(  Vfracturec  =  8137  m/s). 
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Figure  7.  Path-time  history  of  fracture  propagation,  test  no.  17071 


Comparison  of  Damage  and  Cleavage  Controlled  Crack  Propagation 

1.  TEST  #  17076:  ORIENTATION  3),  SPHERE  IMPACT 


In  test  no.  17076  the  sapphire  specimen  was  impacted  by  steel  sphere  at 
456  m/s,  parallel  to  the  c-axis  (large  surface  a-plane).  Eight  selected  high-speed 
photographs  are  shown  in  Figure  8. 


a) 


b) 


Figure  8.  a)  Selection  of  eight  high-speed  photographs  from  test  #  17076  in  orientation  3  at  456  m/s 
b)  Illustration  of  impact  configuration  (top)  and  optical  interference  figure  (bottom) 


In  contrast  to  the  other  tests  an  asymmetric  fracture  pattern  could  be  recognized 
from  the  shadowgraphs.  Whereas  one  clearly  recognizable  crack  propagated  at  -41° 
with  respect  to  the  impact  axis,  a  bunch  of  cracks  grew  in  the  upper  part  of  the 
specimen,  forming  a  broad  fracture  path.  A  crack  front,  due  to  shell  shaped 
fragments  forming  cracks,  was  observed  in  the  center  which  stopped  at  about  12  ps 
after  impact.  The  secondary  cracks,  generated  at  the  impacted  edge  in  the  lower  part 
of  the  specimen,  propagated  at  angle  of  -36°  with  respect  to  the  c-axis. 

The  nomenclature  and  path-time  histories  of  the  different  cracks  are  shown  in 
Figure  9.  The  highest  crack  velocity  observed  in  this  test  was  5438  m/s  with  crack 
A.  Fractures  C  and  D,  which  also  started  from  the  impacted  edge  propagated  at 
average  velocities  of  about  4900  m/s.  Crack  B,  which  had  branched  off  crack  A, 
exhibited  a  propagation  velocity  of  about  1000  m/s  less  than  the  other  cracks.  The 
semi-circular  fracture  front  in  the  center  started  at  a  significantly  lower  velocity  of 
2877  m/s  compared  to  the  ~  4900  m/s  in  test  no.  17075  (see  next  section)  and  tailed 
off  at  longer  times,  suggesting  that  the  cleavage  controlled  fracturing,  with  less 
energy  required  for  propagation,  diverted  the  available  energy  to  the  cleavage 
controlled  cracks. 


a) 


b) 

Figure  9.  a)  Nomenclature  of  fracture 
b)  Bulk  damage  and  cleavage  controlled  crack  velocities  in  test  #  17076 
Figure  10  illustrates  four  SEM  micrographs  of  fracture  surfaces  from  test  no. 
17076.  It  is  clear  from  the  fracture  surfaces  that  cleavage  controls  the  fracture  down 
to  the  nano-scale. 


Figure  10.  Four  SEM  micrographs  of  cleavage  morphologies  of  fracture  surfaces  in  test  17076. 


2.  TEST  #  17075:  ORIENTATION  2),  SPHERE  IMPACT 

In  this  test,  the  sapphire  specimen  was  impacted  with  a  steel  sphere,  parallel  to 
the  a-axis  (large  surface  r-plane)  at  457  m/s.  Figure  11  shows  a  selection  of  eight 
high-speed  photographs  and  illustrates  the  impact  configuration. 


b) 


Figure  1 1 .  a)  Selection  of  eight  high-speed  photographs  from  test  #  17075  in  orientation  2  at  457  m/s 
b)  Illustration  of  impact  configuration  (top)  and  optical  interference  figure  (bottom) 


Two  main  cracks  were  initiated  (A,  B),  propagating  at  an  angle  of  ±  37.5°  with 
respect  to  the  a-axis.  The  black  zone  ahead  of  the  projectile,  which  exhibited  a 
nearly  semi-circular  shape  after  several  microseconds,  can  be  explained  by  the 


formation  of  shell  shaped  cracks.  After  a  few  microseconds  of  crack  growth  parallel 
to  the  large  surfaces  these  cracks  grow  towards  the  surface,  cutting  shell  shaped 
fragments  off  the  specimen.  After  12.7  ps  cracks  (C)  branching  off  the  main  cracks 
at  an  angle  of  71.5°  (34°  with  respect  to  a  -  axis)  could  be  observed.  The 
nomenclature  of  the  analyzed  cracks  and  the  corresponding  path-time  histories  are 
presented  in  Figure  12. 


Figure  12.  a)  Nomenclature  of  fracture 
b)  Bulk  damage  and  cleavage  controlled  crack  velocities  in  test  #  17075 

Linear  regression  of  the  path-time  data  from  the  main  cracks  A  and  B  delivered 
nearly  the  same  speed  for  both  cracks:  vcraCkA  =  4837  m/s;  vcmckB  =  4949  m/s.  For 
crack  C,  which  branched  off  crack  A  at  71.5°,  a  slightly  lower  velocity  of  4757  m/s 
was  determined.  Only  crack  D,  which  started  from  a  side  branch  of  crack  B, 
propagated  at  a  lower  velocity  of  about  3700  m/s.  The  black  fracture  front  in  the 
center  started  at  the  same  velocity  as  the  main  cracks,  but  slowed  down  after  ~5  ps 
and  stopped  after  ~10  ps,  similar  to  what  was  observed  in  test  no.  17076.  At  this 
time  the  cracks,  forming  shell  shaped  fragments,  have  reached  the  surface  of  the 
specimen.  For  the  sake  of  clarity  in  the  presentation,  arbitrary  offsets  were  added  to 
the  coordinates  of  cracks  A,  and  D. 


3.  DAMAGE  AND  CRACK  MORPHOLOGIES  FROM  SPHERE  IMPACT  IN 
FIVE  ORIENTATIONS 


It  is  very  clear  from  the  high  speed  shaowgraphs  in  Figure  13  a-e,  that  the  availble 
cleavage  planes  can  play  a  dominant  role  in  controlling  the  fracture  front  when  the 
energy  available  is  not  enough  to  propagate  an  undifferentiated  damage  zone. 


a)  Orientation  1,  453  m/s,  EMI  Test  #17074 


c)  Orientation  3,  456  m/s,  EMI  Test  #17076 


d)  Orientation  4,  454  m/s,  EMI  Test  #17077 


e)  Orientation  5,  451  m/s,  EMI  Test  #17359.  Impact  edge  is  r-plane 


Figure  13.  Comparison  of  damage  and  crack  morphologies 


DISCUSSION 


Bradt  [12]  has  reviewed  the  cleavage  and  calculated  energies  for  several 
cleavage  planes  of  sapphire  single  crystals.  The  predominant  cleavage  planes  are  as 
follows:  the  c-plane  (0001)  basal  plane;  the  r-plane  (1011)  rhombohedral  plane  and 
the  m-plane  (1010)  prismatic  plane.  The  theoretical  surface  energies  at  about 
6.5  J/m2  are  almost  equal  for  all  three  cleavage  planes.  However,  the  experimental 
Kic  toughness  and  cleavage  energies  are  as  follows:  (0001)  =  4.54  MPa  m'2  and 
21.54  J/m2;  (loll)  =  2.38  MPa  m‘/2  and  6.45  J/m2  and  (1010)  =  3.14  MPa  m‘/2  and 
11.43  J/m2.  This  suggests  that  the  energy  to  propagate  a  cleavage  crack  is  most 
difficult  along  the  (0001),  followed  by  the  (1010)  and  (1011)  planes.  It  is  well 
known  that  rhombohedral  cleavage  predominates  in  sapphire.  Clayton  [13]  has 
recently  reviewed  continuum  modeling  theory  for  sapphire. 

It  is  the  author’s  view  that  the  morphology  of  the  damage  front  will  be 
controlled  by  a  competition  between  the  available  impact  energy  to  create  a  massive 
undifferentiated  damage  front  with  the  energy  to  have  the  damage  controlled  by  the 
available  properly  oriented  cleavage  planes.  The  critical  resolved  shear  stress 
(Schmid  factor),  which  is  a  function  of  the  angle  between  the  loading  direction  and 
the  cleavage  plane  and  the  applied  load,  will  control  the  ease  of  formation  of 
cleavage  controlled  cracks/damage  or  undifferentiated  damage  zones.  Therefore,  in 
some  sapphire  plate  orientations  damage  will  be  dominated  by  cleavage  and  not  in 
others. 

In  addition,  it  should  be  noted  that  the  mass  of  the  solid  cylinder  impactor 
(127  g)  compared  to  the  sphere  impactor  (39  g)  means  that  at  the  same  velocity  the 
energy  deposited  by  the  solid  cylinder  is  more  than  three  times  that  of  the  sphere.  In 
the  solid  cylinder  case,  since  the  available  energy  is  much  higher  than  the  sphere  the 
energy  to  propagate  an  undifferentiated  massive  damage  has  been  exceeded  and 
therefore,  the  available  cleavage  planes  do  not  dominate  the  damage  front 
morphology. 


SUMMARY 

Edge-on  impact  tests  have  been  conducted  with  steel  cylinders  and  spheres  in 
order  to  to  generate  a  set  of  baseline  data  for  fracture  and  wave  propagation  in 
Sapphire  of  different  crystal  orientation  with  respect  to  the  direction  of  observation 
and  shot  axis.  When  the  sapphire  specimens  were  subjected  to  impact  of  steel 
cylinders  fracture  fronts  were  observed,  similar  to  those  in  polycrystalline  materials. 
In  case  of  impact  of  spherical  projectiles,  fracture  mainly  followed  cleavage  planes 
of  the  crystal.  The  maximum  average  velocity  observed  for  single  cracks  was 
5438  m/s.  The  lowest  crack  velocities  were  about  3700  m/s. 
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